We compute curvature-dependent graviton correlation functions and couplings as well as the full curvature potential f (R) in asymptotically safe quantum gravity coupled to scalars. The setup is based on a systematic vertex expansion about metric backgrounds with constant curvatures initiated in [1] for positive curvatures. We extend these results to negative curvature and investigate the influence of minimally coupled scalars. The quantum equation of motion has two solutions for all accessible numbers of scalar fields. We observe that the solution at negative curvature is a minimum, while the solution at positive curvature is a maximum. We find indications that the solution to the equation of motions for scalar-gravity systems is at large positive curvature, for which the system might be stable for all scalar flavours.
We compute curvature-dependent graviton correlation functions and couplings as well as the full curvature potential f (R) in asymptotically safe quantum gravity coupled to scalars. The setup is based on a systematic vertex expansion about metric backgrounds with constant curvatures initiated in [1] for positive curvatures. We extend these results to negative curvature and investigate the influence of minimally coupled scalars. The quantum equation of motion has two solutions for all accessible numbers of scalar fields. We observe that the solution at negative curvature is a minimum, while the solution at positive curvature is a maximum. We find indications that the solution to the equation of motions for scalar-gravity systems is at large positive curvature, for which the system might be stable for all scalar flavours. 
I. INTRODUCTION
Asymptotically safe gravity [2] is a highly interesting candidate theory for quantum gravity. It relies on an interacting ultraviolet (UV) fixed point of the renormalisation group (RG) flow, the Reuter fixed point [3] . It renders the high-energy behaviour of gravity finite. For reviews see [4] [5] [6] [7] [8] [9] [10] .
The physics of asymptotically safe gravity is encoded in the full, diffeomorphism invariant quantum effective action of the theory, Γ[g]. Its n-point functions, evaluated on the quantum equations of motion (EoM), describe graviton correlation functions, from which general observables can be constructed. Accordingly, the knowledge of the quantum EoM is chiefly important for computing observables. However, the quantum EoM is also very interesting by itself as it provides the non-trivial dynamical background metric, pivotal for the physics of the early universe, inflation and a resolution of the cosmological constant problem.
In most approaches to quantum gravity the diffeomorphism invariant action Γ[g] can only be computed within a split of the full metric, typically a linear split g µν =ḡ µν + h µν . Here,ḡ µν is a generic background and h µν are quantum fluctuations about this background. This leads us to an effective action Γ[ḡ, h] with the diffeomorphism invariant action Γ[g] = Γ [g, 0] . In most approaches, the split is inevitable and allows to compute the propagation and scattering of fluctuations h, hence the quantum gravity effects, in terms of background covariant momentum modes. Accordingly, this choice is part of a gauge fixing, and the gauge and background independence of the diffeomorphism invariant effective action encode physical diffeomorphism invariance and are hence chiefly important for quantum gravity approach. Moreover, the diffeomorphism invariant effective action can only be computed from the gauge-fixed correlation functions of the fluctuation field. This is simple to see as the latter carries the quantum fluctuations. While also the correlation functions of the fluctuation field carry the full quantum dynamics of the theory, it is rather difficult to directly construct observables from it. This leaves us with the task to compute Γ[g] from the backgrounddependent correlation functions of h.
In the present work, this is done with the functional renormalisation group approach [11] , leading to exact and closed one-loop relations between full correlation functions. While the background metricḡ µν can be kept generic in these relations, it is technically challenging and limits the size of the truncation. In almost all computations that disentangle background and fluctuation field, a flat Euclidean background was chosen, see, e.g., [12] [13] [14] [15] [16] [17] [18] , which is technically highly advantageous, and the computations resemble standard non-perturbative ones. We emphasise that the correlation functions in the flat background can be used to construct the diffeomorphism invariant action. However, from the viewpoint of convergence of an expansion in powers of h, an expansion about or close to the minimal solution to the EoM is much wanted, see [1, 19, 20] . Hence, getting access to Γ[g] and the solutions to the EoM serves a twofold purpose. It allows us to directly access the interesting physics questions mentioned above as well as answering the question of how close the flat metric is to the full dynamical metric that solves the EoM.
The computation of full, background-dependent correlation functions of the fluctuation field, and the computation of the diffeomorphism invariant action from the correlation functions of the fluctuation field has been initiated in [1] . There the f (R)-potential for backgrounds with positive constant curvature has been computed, for respective results within the background field approximation see, e.g., [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . In the present work we extend the computation to negatively curved backgrounds, which allows us to study global minima. Moreover, we also study the impact of matter fields to the system by adding min-imally coupled scalar fields. Scalar-gravity systems have attracted a lot of attention [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] , in particular, since these systems seemingly have a divergence in the Newton coupling [40] [41] [42] [43] . As discussed in [41, 59] , this is expected to be an artefact of the truncation. We discuss this issue for the first time for curvature dependent couplings. Indeed, we find indications that the best expansion point for scalar-gravity systems is at large positive curvature, which might solve the stability issues encountered in previous works.
This paper is structured as follows. In Sec. II be briefly explain our ansatz for the graviton n-point functions and the use of the functional renormalisation group (FRG). In Sec. III we recap the approximation of the momentum space on curved backgrounds, initiated in [1] , and describe the evaluation of traces of the Laplacian on positive and negative background curvatures. The fixedpoint solutions and their dependence on the number of scalars are displayed in Sec. IV. In Sec. V we discuss the background and the quantum EoM, their solutions and their asymptotic behaviour. We summarise our findings in Sec. VI.
II. GENERAL FRAMEWORK
We start from the gauged-fixed Einstein-Hilbert action with N s minimally coupled scalar fields,
The action in (1) is expanded about a maximally symmetric background metric with background curvatureR. The gauge fixing is given by
with the Faddeev-Popov operator M µν (ḡ, h) of the gauge fixing F µ (ḡ, h). We employ a linear, de-Donder type gauge fixing,
We work with β = 0 and the Landau-deWitt gauge limit α → 0, which is a fixed point of the RG flow [60] , for more details see e.g. [1, 59] . We use a linear split of the full metric g µν abound a backgroundḡ µν with constant curvature and the fluctuation h µν ,
The fluctuation field is rescaled with a wave-function renormalisation Z h and the Newton coupling G N . The latter gives the field the mass dimension one. Note that our setup also allows for expansions about more general backgrounds. In the present work we restrict ourselves to backgrounds with constant curvature for simplicity. The main objective of this work is the computation of the gauge-fixed correlation functions of the fluctuations fields,
where Φ = {h µν , c µ ,c µ , ϕ}. These correlation functions can be expanded in respective general tensor bases which can be significantly reduced by Slavnov-Taylor or Ward identities for the tensors. This reduces the general tensor basis to one which can be mapped to the tensor basis derived from diffeomorphism invariant terms. In the current work we only consider the leading classical tensor structure for n-point functions, the Einstein-Hilbert tensor structures derived by n metric derivatives from (1) . At each order we replace Newton's coupling and the cosmological constant by their corresponding level n couplings G n and Λ n [1, 13, 14] . Their respective flow equations are obtained by differentiating the Wetterich equation [11, 61, 62] n times with respect to the fluctuation field. The Wetterich equation with the given field content is given by
with the regularised fluctuation propagators
In (6), ∂ t is the derivative with respect to RG-time t = ln k/k 0 , where k 0 is some reference scale. We truncate and close the flow equations for the higher vertices by setting G ≡ G n≥3 and Λ 4 = Λ 3 with Λ n>4 = 0. From the corresponding n-point function we concentrate in the following on the curvature dependent mass-parameter µ(r) (from the graviton two-point function), the gravitational coupling g(r) (from the three-point function) and the momentum-independent coupling λ 3 (r), which are dimensionless and defined by
Here,R denotes the background curvature. The beta functions for these couplings are obtained by an appropriate projection procedure, where we concentrate on the transverse traceless part of the flow, see [1] . The anomalous dimensions for all fields are set to zero.
We choose the regulator R k proportional to the twopoint functions at vanishing cosmological constant and background curvature
The shape function r k is chosen to be an exponential
The gravity parts of the flows for g(r), µ(r) and λ 3 (r) are the same as in [1] , see App. B therein. In the present matter-gravity system with minimally coupled scalars, the flows of the graviton n-point functions receive contributions from the scalars. Thus all flow equations depend on the number of scalar fields N s . For r = 0, this dependence was already investigated in [41, 43] . Here, we extend the analysis and consider the curvature dependence of the couplings.
III. VERTICES AND TRACE EVALUATION ON CURVED BACKGROUNDS
Propagators on a non-trivial background metricḡ depend on the Laplacian ∆ḡ ≡ −∇ 2 and on curvature invariants. For the hyperbolic or spherical background considere here, the dependence on the curvature invariants reduces to a dependence on the background Ricci scalar R, G ≡ G(∆ḡ,R). All Laplacians can be expressed by the scalar Laplacian and the Ricci scalar.
The higher-order vertices Γ (n≥3) also depend on covariant derivatives∇ µ . In curved backgrounds the Laplacian and the covariant derivative do not commute and the lack of a common eigenbasis also determines the lack of a momentum space. As in [1] we construct an approximate momentum space. All covariant derivatives are symmetrised, which produces further background curvature terms∇
The symmetrised covariant derivatives are expressed by the spectral value of the Laplacian p 2 and an spectral angle x between them
The spectral angle depends non-trivially on the spectral values of the covariant derivative and the background curvature. Until here, we have not performed any approximation and we have simply stored the background curvature dependence in the spectral angle. Now we approximate the spectral angle with the corresponding flat spacetime angle x ≈ cos θ flat . The flat spacetime angles are integrated using the usual volume element of the spacetime, such that the approximation becomes exact in the limitR → 0. In [1] it was estimated that this approximation should give reasonable results for |R/k 2 | 2. The external spectral values of the three-point function are evaluated at the symmetric point
with the flat angle θ flat = 2π 3 between them. This procedure leaves us with functions that depend on the Laplacian and the background curvature, but not anymore on the covariant derivative. The spectrum of the Laplacian on hyperbolic or spherical backgrounds is known and the traces can be evaluated using spectral sums (integrals) for positive (negative) background curvature [9, 63, 64] .
A. Positive curvature
For positive background curvature the spectrum of the Laplacian is discrete. The dimensionless eigenvalues of the scalar Laplacian are given by [63] ,
with multiplicities
for positive integers > 0. A trace of a function F that depends on the Laplacian and the background curvature is evaluated by
The factor V = 384π 2 r 2 is the dimensionless four-sphere volume. We cut the sum at some finite max where the sum is sufficiently converged. We further start the sum at = 2 and exclude the modes = 0, 1. This is correct for the transverse-traceless mode of the graviton but an approximation for the trace mode. Our procedure does not allow to distinguish between these modes. The approximation is well justified as the low modes only contribute at large background curvature and we are interested in the small curvature regime.
B. Negative curvature
For negative curvature spacetime is unbounded and the spectrum of eigenvalues is continuous. For the scalar Laplacian, the spectrum is given by [64] ,
with the spectral density
In this case a trace over a function F yields the spectral integral
where again the volume prefactor gives the correct r → 0 limit.
C. Heat-kernel expansion
The beta functions of the coupling functions are partial differential equations in the RG scale k and the background curvature r. The search for fixed-point functions reduces the beta functions to ordinary linear differential equations. We use a heat-kernel expansion about the flat background to provide initial conditions to these differential equations.
The heat-kernel expansion for positive and negative r is, in the case of a scalar Laplacian, given by
where the Q n functionals for n > 0 are given by
We compute the zeroth and first order in the background curvature in order to have a smooth continuation to the spectral sums and integrals at finite but small r.
IV. ASYMPTOTIC SAFETY

A. Pure gravity
We begin the discussion with the fixed-point functions g * (r), µ * (r) and λ In the following we work with the effective couplings
which are defined such that they include the explicit r dependence in the corresponding graviton two-/three-point function.
In Fig. 1 we display the fixed-point functions in terms of these effective couplings. Interestingly, the effective couplings are almost curvature independent, except for the Newton coupling. This means that the explicit curvature dependence of the n-point functions is almost exactly counterbalanced by the implicit curvature dependence of the couplings. This was already shown in [1] for positive curvature. Here we extend this non-trivial result to negative curvature.
We emphasise that this non-trivial approximate curvature-independence supports the expansion scheme about flat backgrounds in pure gravity. This implies the self-consistency of the flat-space angular approximation used here. Both properties are highly welcome and provide non-trivial reliability checks for existing fluctuation results.
B. Matter dependence
Let us now discuss the influence of N s minimally coupled scalar fields. This allows us to study whether the independence of the fluctuation correlation functions on the background carries over to gravity-matter systems. Moreover, gravity-scalar systems are known to lose the asymptotically safe fixed point in the given approximation for a sufficiently large number of scalars N s ≈ 10−10 2 in an expansion about the flat background, [40] [41] [42] [43] [44] . Note in this context, that a heat kernel expansion in powers of the curvature is precisely the expansion about the flat background. However, this breakdown happens for N s , which are already beyond hard reliability bounds of the approximations used in these works, see [41, 59] . Moreover, in [59] it has been shown that in the current approximation one should be able to map the theory to a pure gravity setup, hinting at further deficiencies of the FRG-treatment in the given approximation. Accordingly, it is also highly interesting to see whether the non-trivial background at least partially takes care of these deficiencies.
To begin with, our results for the flat background r = 0 are compatible with the results from [41] . There are small differences due to the missing anomalous dimensions, the different gauge and regulator shape function. In the present approximation, we find that the fixed point at r = 0 is vanishing at N s ≈ 38, corroborating earlier findings in [40] [41] [42] [43] [44] . The full curvature dependent fixed-point functions are displayed in Fig.2 . Naively, we find an even stricter bound on the number of scalar fields since g * (r) diverges at finite negative curvature for N s > 16. This smaller bound is easily explained by the fact that the Newton coupling rises towards negative curvature and technically the disappearance of the asymptotically safe fixed point in gravity-scalar systems is related to the divergence of the Newton coupling. However, the latter also leads to the breakdown of the current approximation as does the limit of sufficiently large curvature |r|.
The divergent behaviour of g * (r) for r < 0 is possibly triggered by neglecting the anomalous dimension in our approximation. We have chosen a regulator R k proportional to the two-point function and hence proportional to the wave-function renormalisation. In the UV the regulator scales as
which should tend to infinity. However, if the anomalous dimension η h = −∂ t ln Z k,h exceeds the value two this is not the case anymore as the wave-function renormalisation scales as Z k,h ∼ k −η h , which leads to a vanishing regulator for k → ∞. Consequently, we interpret the divergence in g * (r) as a breakdown of the truncation and not as a physical bound on the compatibility of asymptotically safe gravity with scalar fields, following the argument in [41] .
In turn, the effects of scalar fields on g * (r) in the positive curvature regime are small. Accordingly, as in the pure gravity the effective graviton mass parameter µ * eff (r) remains almost curvature independent and is only shifted by a constant when scalars are included. For λ * 3,eff (r) the fixed-point value at r = 0 is almost constant while for positive curvature the fixed-point function decreases while for negative curvature it increases when additional scalar fields are included.
V. BACKGROUND EFFECTIVE ACTION AND QUANTUM EQUATION OF MOTION
With the curvature-dependent fluctuation correlation functions, we can compute the fixed point diffeomorphism invariant background effective action Γ * [g]. For constant curvatures the background effective action Γ k [g] = Γ k [g, h = 0] is given by
where V is the spacetime volume and f (R) = k 4f (r). From now on, we only discuss the dimensionless functioñ f (r). We drop the tilde for being coherent with the notation in the literature. At vanishing cutoff scale, (25) directly comprises the physics information of asymptotically safe quantum gravity in terms of diffeomorphismcovariant correlation functions Γ (n)
k=0 . As has been discussed in detail in [1, 65] , for k = 0 there are two EoMs to be considered: that of the background metric δΓ k δḡ µν ḡ=ḡ EoM ,h=0 = 0 ,
and that of the fluctuation field δΓ k δh µν ḡ=ḡEoM,h=0 = 0 .
Their respective solutionsḡ EoM andḡ EoM agree for R k = 0 due to the underlying diffeomorphism invariance, but they differ for R k = 0. The latter property reflects the fact that the regularisation procedure in the functional RG breaks diffeomorphism invariance despite the persistence of diffeomorphism invariance of the background effective action: only the Slavnov-Taylor identities without the cutoff modification elevate the auxiliary background diffeomorphism invariance to physical diffeomorphism invariance carried by the symmetry properties of the fluctuation field. This leads to the counter-intuitive fact that for k → ∞ it is arguably the EoM for the fluctuation field carries the physics information. In turn, the background EoM is regulator-dependent due to its dependence on the background metric, while this dependence is sub-dominant for the fluctuation EoM.
A. Background equation of motion
For constant curvatures, as in (25), the background EoM is given by
The flow equation for f (r) is given by
where we have denoted the right-hand side of the Wetterich equation with F, including the volume factor from the left-hand side. Intriguingly, at the fixed point, ∂ t f = 0, the left-hand side is proportional to the background EoM (28) . Thus a root in F corresponds to a solution of the background EoM. The function F depends on µ(r) and N s but not on the fixed-point functions of the three-point vertex, g(r) and λ 3 (r). In the computation of F we neglect the zero mode of the trace. This mode develops an unphysical pole in our approximation, which would not happen if we would disentangle µ tt and µ tr or if we would use a more extended ansatz for the bare action (1) . The zero mode only contributes significantly for large r and thus this is a good approximation. We display the function rf (r) − 2f (r) at the fixed point in Fig. 3 . A zero of this function corresponds to a solution of the background EoM, see (28) . There are no solutions to the background EoM for any background curvature and any number of scalar flavours. This is extending the results from [1] , where the same result was found for positive curvature and without scalar fields. We can compare this to results in the background field approximation. There different results have been obtained depending on the choice of regulator and parameterisation. For example in [30] with the linear split, only a solution at large negative curvature was found, compatible with our results. However, in [39, 66] , two further solutions at positive curvature were found due to a different choice of regulator. A solution at positive curvature was also found in [31] and with the exponential parameterisation in [33] . Importantly, we see that the existence of a solution to the EoM might crucially depend on the matter content of the theory. This was already partially discussed in [1, 38] .
B. Quantum equation of motion
We now turn to the quantum EoM given in (27) , which is the more important EoM for the reasons discussed above. The fluctuation one-point function can be parameterised analogously to the background effective action in (25) . Only the trace-part is non-vanishing for constant curvature metrics. We arrive at
where the spatial integration can be performed because the curvature scalar is constant. The flow of Γ (htr) k is obtained in the same way as for the two-and threepoint functions and at the fixed point we are left with an ordinary differential equation for f * 1 (r). The initial conditions for f 1 (r) are again obtained by a heat-kernel expansion. The quantum EoM reduces to
The flow equation for f 1 (r) is given by
where we have denoted the right-hand side of the Wetterich equation by F 1 again including the volume factor from the left-hand side. Note the difference to (29) due to the mass dimension of the fluctuation field. We display the fixed-point functions f * 1 in Fig. 4 . For all N s , we find two solutions to the quantum EoM, one at negative curvature and one at positive curvature. It turns out that the solution at negative curvature is a minimum, while the one as positive curvature is a maximum. For increasing N s these solutions move towards each other, however, just before they merge, we lose the solution of the fixed-point functions as shown in Fig. 2 .
The stability of a solution to the quantum EoM is described by the second fluctuation field derivative, in this case with respect to the trace mode. The function f 2 , which is defined in straight analogy to (25) and (30), is precisely the graviton mass parameter of the trace mode µ tr (r). In our approximation, we have set µ tr (r) = µ tt (r). In Fig. 5 , we display µ tr (r). We have a negative µ tr for the solution at positive curvature, which is thus a maximum. The solution at negative curvature starts negative but then becomes positive in this naive approximation. This is an unphysical feature of our approximation and we expect this to be cured once the fully coupled system with µ tr (r) is computed. We test this by evaluating µ tr (r = 0) on the solution of the given fixed-point functions. This allows us to improve our approximation and we can evaluate the trace mode by
For N s = 0, we find that µ tr (r) ≈ µ tt (r), while for N s = 16 they are shifted by µ tr (r) ≈ µ tt (r) − 0.2. We included this shift in Fig. 5 where now the solution at negative curvature is a minimum for all N s . It is actually remarkable that the two graviton mass parameters, µ tt and µ tr , agree so well, in particular for small N s , despite being related by non-trivial modified Slavnov-Taylor identities. This is yet another sign of effective universality as introduced and discussed in [17, 43] .
C. Asymptotic behaviour and stability of scalar-gravity systems
The functions f and f 1 are not independent but are related by modified Slavnov-Taylor and Nielsen (or split Ward) identities [43, [67] [68] [69] [70] [71] [72] [73] [74] [75] . These identities carry R kdependent terms that reflect the additionalḡ-terms in f (r) originating in the background dependence of the Figure 5 . Stability of the solutions to the EoM. We included a shift in the µtr mode according to (33) .
regulator. For R k = 0 these identities are non-trivial. However, the right-hand sides of the flow equations for f (r) and f 1 (r), (29) and (32), vanish for |r| → ∞, i.e., for curvatures far bigger than the square of the cutoff scale, k 2 , with the exception of possible zero modes. In this limit, the regulator is vanishing, lim r→∞ R k (ḡ) → 0, and we are in the unregularised regime without cutoff effects. Within the present approximation the effective action is diffeomorphism invariant for large curvatures,
The right-hand sides of the flow equations for f (r) and f 1 (r) are vanishing for large curvatures and consequently, both, the background and the quantum EoM, asymptotically approach a solution. Moreover, these solutions to the EoMs have to agree,ḡ EoM =ḡ EoM , due to the diffeomorphism invariance of the effective action for large curvatures. This also entails that for |r| → ∞ the fixedpoint solutions f * 1 and f * are related by a metric derivative, which leads to
Now we use that the fixed-point solution of f (r) is asymptotically either vanishing, f (|r| → ∞) = 0, or f (|r| → ∞) ∝ r 2 , see (29) . In both cases is follows that f 1 (|r| → ∞) = 0. The differential equation (32) also allows for the solution f 1 (|r| → ∞) ∝ |r| 3/2 , which is not compatible with the Nielsen identities. Whether the fixed-point functions in Fig. 4 have the correct f 1 (|r| → ∞) = 0 behaviour depends on µ eff (r). In turn, µ eff (r) = f 2 (r) is also constrained by a Nielsen identity, leading to f * 2 (r) = rf * 1 (r)−2f * 1 (r) for |r| → ∞. The differential equation for µ eff allows again for two asymptotic solutions, µ eff (|r| → ∞) = 0 or µ eff (|r| → ∞) ∝ |r|. Only µ eff (|r| → ∞) = 0 is compatible with the Nielsen identity. In conclusion, we can determine the asymptotic behaviour of the full tower of differential equations with the use of Nielsen identities.
With the latter properties, the fixed-point fluctuation Newton coupling g * (r) equals the background Newton coupling for r → ∞. They are positive and decay proportional to 1/r for positive curvature, see Fig. 2 . This entails a positive r 2 contribution in the background potential for large positive background curvature, r/g * (r) ∝ r 2 . We determined the large curvature behaviour to be
with
This behaviour was determined from the available fixedpoint solutions with N s = 0, . . . , 16. For N s > 41 this coefficient turns negative indicating the breakdown of the extrapolation. The coefficient can never become negative since the flow equation for the Newton coupling has a Gaußian fixed point. In summary, this analysis leads us to the following global picture. For |r| ≤ 2 we find two solutions of the quantum EoM, a minimum at negative curvature and a maximum at positive curvature. For N s ≈ 17 these solutions merge and disappear, see Fig. 4 . For reasons of stability and due to the above considerations of the asymptotic behaviour, we argue that at least one further solution to the EoM (a minimum) has to be present for r > 2. While it might not be the absolute minimum in pure quantum gravity and small N s , it is for large enough N s as the other minimum disappears. Importantly, for large positive curvature, the fixed point has a nice stable behaviour and the Newton coupling remains small for large N s , see Fig. 2 . This leads to the important and exciting conclusion that the dynamics of gravity stabilises the fixed point and effectively dominates over the matter fluctuations. This has first been seen and discussed in [41] and extended in [59] : one force to rule them all. In [41] the respective behaviour for fermions with a decreasing Newton coupling was already seen at r = 0. In turn, for scalars, this behaviour was not seen at r = 0 and the approximation breaks down for large N s due to the increasing fixed-point value of the Newton coupling. The present scenario hints at a geometrical first-order phase transition in the curvature with the number of scalars. This scenario will be investigated in more details elsewhere.
VI. SUMMARY AND OUTLOOK
In the present work, we have discussed fixed-point solutions of quantum gravity including an f (r)-term for constant background curvatures r ∈ R with minimally coupled scalar fields. This extends the work initiated in [1] to negative curvatures, r < 0. In [1] , a novel expansion scheme was put forward that allows for the computation of (background) curvature-dependent correlation functions of the fluctuation field. This gives access to the diffeomorphism invariant background effective action and, in particular, the f (r) potential without resorting to the background-field approximation.
We found fixed-point functions for the couplings of the graviton two-and three-point functions, g(r), µ(r) and λ 3 (r), up to N s = 16. For larger N s , there is a divergence in the Newton coupling at negative background curvature. This divergence is not a physical feature but signals the breakdown of the truncation. Indeed, we found that the system is remarkably stable for positive background curvature. We emphasise that this can be seen as an indication for the persistence of the asymptotically safe UV fixed point for N s → ∞.
We have discussed the solution to the background and quantum EoM for curvatures |r| 2 as well as their asymptotic behaviour. The background EoM has no solution in this curvature regime for any N s . The quantum EoM has two solutions for N s ≤ 16 in this regime, a minimum at negative background curvature and a maximum at positive background curvature. We have argued that the global structure of the fixed-point solution should admit a second minimum at large positive curvatures also for large N s . Since the fixed-point solutions are well behaved in this curvature regime and the Newton coupling remains small, this stabilises asymptotically safe gravity for a large number of scalars in line with the mechanism introduced in [41, 59] : one force to rule them all. The disappearance of the minimum at negative curvature can be interpreted as a hint for a geometrical first-order phase transition with the number of scalars.
In summary, together with earlier results on mattergravity systems with only gravitationally interacting matter, also including fermions and gauge bosons, we conclude that there are indications for the global stability of gravity-matter systems. This is an important result as, for the first time, we can pinpoint why previous works [40] [41] [42] [43] [44] have observed a seeming divergence in the Newton coupling with increasing N s . With an expansion about the minimum at large positive curvature these systems should show the stability properties that have been derived from the path-integral representation in [59] . This now allows for a reliable discussion of the stability of gravity-matter systems and phenomenological high energy and phenomenological applications such as [76] [77] [78] .
